Abstract. In this paper, an attempt was made to integrate the effect of jet injection time, load pressure and solution physical properties on jet breakup parameters. A starch-urea-borax complex solution was prepared and tested with an axi-symmetric full cone nozzle. The jet injection time was set to 100, 200, 300 and 400, the solution heating temperature was set to 20°C and 80°C ms, the load pressure was set to 1, 2, 3, 4, and 5 bar, and corresponding spray patterns were imaged by using a high speed camera. The imaging study of the developing spray patterns revealed that the unheated solution forms only spinning jets for all used load pressures. No jet breakup was seen in the near and far-nozzle imaged regions except at 5 bar load pressure, where minor spreading in the jet was seen after 80 mm downstream of the nozzle exit. At 80°C temperature and 5 bar load pressure, very dense spray patterns with an increased spray cone angle were emerging from the nozzle. After 300 ms of injection time, these developing spray jets were changed into fine spray patterns.
Introduction
Although, the jet breakup and atomization of the Newtonian and non-Newtonian liquids have extensively been studied during the last few decades, it would be difficult to find sufficient literature on the study of injection time based developing spray patterns of native or modified starches. Starches (amylum) are natural carbohydrate polymers and have many advantages as a raw material in the production of adhesives including biodegradability, renewability, cheapness, abundance and stability. The use of starches as a coating material for slow release urea applications is a recent development [1] . However, the native starches are poor in terms of their viscosity, tacking ability and workability required for compact and fracture free coatings. The physicochemical properties of the native starches can significantly be improved by reacting them with other chemicals/stabilizers. Nevertheless, the enhanced physical properties of the solutions may have some adverse effects on flow and spray coating mechanism, specially, when the spray is being generated via airless/hydraulic nozzles. When these nozzles are used to spray complex nonNewtonian liquids containing many different chemicals [2] , the resultant combination of coating medium and spraying system often fails to meet the manufacturer's specification. Most probably, this situation arises when non-Newtonian solutions are pushed through the spraying systems designed for Newtonian fluids. To the author's knowledge, there are no reports on the spatiotemporal development of the spray patterns of native or modified starch solution. Therefore, extensive experimental investigations are needed to gain an insight into atomization behavior of high viscosity non-Newtonian starchy solutions [3] .
Materials and Methods
The food grade tapioca starch with degree of substitution 0.80 was modified with borax/disodium tetraborate (Na 2 B 4 O 7 .10H 2 O) and urea [4] . The starch was commercially available, whereas, the modifiers were supplied by R & M Chemicals. The native starch was dried at 110°C for removing of all moisture contents or until no further weight transformations were happened with time. Herein, 1000 mL of de-ionized water was taken in a steel-iron mixed container and heated upto 80°C. The heating was carried out using a fully automated DIPO induction cooker (TCK35-E). Once the desired temperature was attained, 50 g of fully dried tapioca starch was added into the system. For complete gelatinization, the solution was further heated for 30 minutes at 80°C. After complete gelatinization, 15 g of urea and 4.5 g of di-sodium tetraborate were added into the starch dispersion. The solution was then heated further for 3 hours at a constant temperature of 80°C and stirring rate of 600±5 rpm. The final solution was left to cool to room temperature. After 24 hours of cooling, the solution viscosity, surface tension and density were measured by using different characterization techniques.
Once the physical properties of the starchy solutions were completely understood, they were atomized into bottom to top pulsed spray patterns. The schematic of the experimental setup used for spray generation and characterization is shown in Fig. 1 [5] . An axi-symmetric full cone nozzle was used to atomize the starchy solutions at elevated temperature and pressure. The nozzle orifice and maximum free passage diameters were 1.19 and 0.64 mm, respectively [4] . The jet injection on-off duty cycle was controlled by a PROVAL pneumatic double actuated solenoid valve and a programmable digital time relay (SIGMA, PTC-15). 
Results and Discussion
Photographic study on the developing spray patterns of the modified starch solution was conducted through Phantom Miro M 110 high speed camera. Some of the images of the spray jet breakup captured at different injection times have been illustrated in Fig. 2 . Having very high viscosity at room temperature, the developed solution was not exhibiting any jet breakup even at highest used load pressure of 5 bar as illustrated in Fig. 2a . It necessitated the pre-spray heating of the solution. It was difficult to obtain the fully developed spray patterns without elevating the solution temperature upto 80°C. At this temperature, the solution viscosity was decreased from 3030 to 638 cP. The reduced viscosity was not only easing the flow through the spray feed line but also boosting the surface wave oscillations and instabilities. These perturbations helped in breaking the solution stream into fully developed spray patterns even at reduced load pressure as shown in Fig. 3b . However, the jet breakup was strongly relying on the load pressure and injection time. For
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high load pressures, the jet breakup was starting at early injection times and the corresponding spray patterns were growing with faster growth rates. The details on the time dependent jet breakup parameters at 80°C heating temperature and 1-5 bar load pressure have been provided in Table 1 . With an increase in pressure from 1-5 bar, the jet breakup start time was decreased from 180-101 ms and the breakup completion time was decreased from 475-300 ms. Similarly, the spray cone length which is the axial distance between nozzle exit and complete jet breakup point was also decreased from 463-358 mm. However, the spray cone angle was increased from 28
• to 61
• and it was not unexpected. Any decrease in breakup time and an increase in cone angle with pressure are the direct consequence of the fast breakup of the solution jet into fully developed spray patterns. On the contrary, no pressure and injection time effects were noticed on the jet breakup of unheated solution. At room temperature, starchy solution was exhibiting high viscosity and formed only the spinning jets and streams when injected into ambient air. No jet breakup over time was seen in near and far-nozzle imaged regions for all applied load pressures.
It has been noticed that the solution viscosity decreases with an increase in temperature and pressure. At room temperature and in the absence of any external shear rate, the viscosity was ranging from 3021-3030 cP which was reduced to 624-638 cP when the solution temperature was elevated from 20-80ºC. For less viscous fluids, the surface instabilities grow very quickly and ease the jet breakup process. These instabilities are normally caused by the local vorticities in the flow. Normally, partial evaporation of the fluids is caused by the introduction of thermal energy into the system. The obtained vapor content depends on the process parameters including the degree of Applied Mechanics and Materials Vol. 695heating, load pressure and atomizer geometry [3] . When the fluid discharges from the nozzle into the ambient air and with a phase inversion, the vapor phase inside the nozzle supports the disintegration process and the spray width shows less dependence on the solution viscosity [6] . Therefore, uniform spray patterns emerge from the nozzle with steadily increasing spray cone angles as observed in the present studies.
Conclusions
It was concluded that the solution viscosity and jet injection time play a key role in determining the degree of atomization and corresponding spray structure. Having very high viscosities at ambient temperature (20°C), the developed solutions did not exhibit any jet breakup even at high load pressure values. It necessitated the pre-spray heating of the solutions. Therefore, the pre-spray heating of the solutions was performed and fully developed spray patterns were obtained a certain high temperature of 80°C and after 300 ms from start of the injection time.
